Pathogen life cycles in mammalian hosts have been studied extensively, but studies with arthropod vectors represent considerable challenges. In part this is due to the difficulty of delivering a reproducible dose of bacteria to follow arthropod-associated replication. We have established reproducible techniques to introduce known numbers of Francisella tularensis strain LVS from mice into Dermacentor variabilis nymphs. Using this model infection system, we performed dose-response infection experiments and followed bacterial replication through the molt to adults and at later time points. During development to adults, bacteria replicate to high numbers and can be found associated with the gut tissues, salivary glands, and hemolymph of adult ticks. Further, we can transmit a mutant of LVS (LVS ⌬purMCD) that cannot replicate in macrophages in vitro or in mice to nymphs. Our data show that the LVS ⌬purMCD mutant cannot be transstadially transmitted from nymphs to adult ticks. We then show that a plasmid-complemented strain of this mutant is recoverable in adult ticks and necessary for bacterial replication during the molt. In a mixed-infection assay (⌬purMCD mutant versus ⌬purMCD complement), 98% of the recovered bacteria retained the plasmid marker. These data suggest that the ⌬purMCD mutation cannot be rescued by the presence a complemented strain in a mixed infection. Importantly, our infection model provides a platform to test specific mutants for their replication in ticks, perform competition studies, and use other genetic techniques to identify F. tularensis genes that are expressed or required in this unique environment.
F rancisella tularensis, a highly infectious zoonotic pathogen, causes a variety of syndromes collectively known as tularemia (1) . Transmission of the organism to humans occurs by several routes, including contact with infected animal tissues, ingestion of contaminated food or water, exposure to biting flies, mosquitos, and ticks, or through aerosols (1) (2) (3) (4) (5) . In the United States, acquisition of the bacterium is most often mediated by contact with infected rabbits or through the bite of an infected tick (6, 7) . Since small mammals succumb to F. tularensis infection rapidly, a critical reservoir for maintenance of the organism in enzootic infection is the tick (8) .
The American dog tick, Dermacentor variabilis, appears to play a major role as a bridging vector to humans (9, 10) . The highest incidence of F. tularensis human infections and D. variabilis habitat overlap in geographic distribution (9, 11, 12) . F. tularensis has been identified in adult D. variabilis ticks collected from the environment (11) . Moreover, experimental work has shown that type A (A1a, A1b, and A2) as well as virulent type B strains of F. tularensis can be transmitted from infected mice to larval ticks and that these ticks develop to the nymphal stage and can transmit the infection to naive animals (9) . Transmission was, however, inefficient, as the bacterial infection affected tick fitness and mortality (9) . In more recent studies, Reese et al. demonstrated that F. tularensis is acquired by nymphal ticks from infected mice. Nymphs survive and molt to adults. Infected adults were then shown to efficiently transmit the infection to naive mice (10) . Transmission efficiency was high and transmission occurred shortly after tick attachment. These data support the model that D. variabilis adults, the principal biting stage for humans, play a role in F. tularensis maintenance in nature and transmission to humans (10) .
Understanding the biology and genetics of bacterial replication in ticks may provide essential information regarding the ecological niche of F. tularensis, its remarkable host range, and its low infectious dose. One challenge to examination of the life of F. tularensis in tick vectors has been the difficulty in obtaining the cohorts of ticks with uniform numbers of bacteria per tick that would be required to follow infection kinetics over time. In part, this has been attributed to the high virulence of F. tularensis for the host animal, such that an animal may be moribund and require euthanasia prior to tick feeding to repletion (3) . Studies describing the kinetics of F. tularensis bacteremia in laboratory mice demonstrate that peak densities are reached at ϳ3 days postinfection for type A strains and at ϳ4 days for the type B strain tested (13) . Because the mice infected with type A strains become moribund at days 4 to 5 postinfection, and D. variabilis larvae and nymphs require 3 to 6 and 4 to 7 days, respectively, to feed to repletion (14) , the kinetics of the bacterial infection and the tick feeding are critical to coordinate. Traditional infection methods employ mice infected with low bacterial inocula and rely on replication of the bacteria to seed the bloodstream (9, 10, 13, 15) . Optimization of the infection parameters and strict adherence to the time of tick repletion have provided critical information relevant to the effect of F. tularensis infection on tick fitness, mortality, and efficiency of transmission but also result in variable numbers of bacteria/tick and rates of tick infection (9, 10) . Capillary feeding of individual replete ticks and unfed adults has also been performed to allow inoculation of known numbers of bacteria. This technique requires considerable skill and is unlikely to be useful in a setting of large-scale genetic screens. Additionally, this procedure results in a low infection rate and variation in the number of bacteria/tick by several orders of magnitude (16) . A goal of the current work was to develop a reproducible method of tick inoculation to quantitatively assess bacterial replication.
Among vector-borne bacterial pathogens, F. tularensis is genetically tractable (15, 17, 18) . In contrast, the Borrelia species have segmented genomes, portions of which are frequently lost during in vitro cultivation. The Anaplasma, Ehrlichia, and Rickettsia species are all obligate intracellular organisms, and so they are less amenable to a variety of experimental approaches facilitated by cultivation on axenic media. Mice are attractive as model mammalian hosts, due to the possibility of investigation of the potential influence of mammalian factors in future investigations of F. tularensis in the zoonotic cycle. Another goal of this work was to develop a system in which the biology of a vector-borne bacterium could be explored in the vector using the power of bacterial genetics (15) . The studies reported here demonstrate that high and reproducible numbers of F. tularensis, including a mutant that is avirulent in mice and in cell culture, can be introduced into ticks. These results constitute a viable model system for the use of genetic approaches to identify functional products required for F. tularensis to survive and replicate in tick vectors.
MATERIALS AND METHODS

Preparation of the bacterial inoculum and bacterial quantitation.
Bacterial strains used in this study are described in Table 1 . LVS was grown for 3 days at 37°C on Mueller-Hinton (MH) agar supplemented with glucose, ferric pyrophosphate, IsoVitaleX, and heat-inactivated fetal bovine serum (18) . Hypoxanthine (50 g/ml) was added to the medium when LVS ⌬purMCD mutant derivatives were cultivated (19) . Colonies from plates were harvested in phosphate-buffered saline (PBS), adjusted to an approximate density (CFU per ml) based on an optical density measured at 600 nm. The final bacterial suspension contained 0.5% Evan's blue dye as a tracer for systemic dissemination of the buffer vehicle after retro-orbital injection in mice. Control experiments included assessing the effect of Evan's blue and time at room temperature on the bacterial inoculum. In a typical experiment and at the time of inoculum preparation, the numbers of LVS CFU were identical (4.2 ϫ 10 9 /ml) whether Evan's blue dye (1.0%) was present or not. After 3 h at room temperature, the numbers of CFU for inocula with and without Evan's blue were 4.9 ϫ 10 9 and 5.3 ϫ 10 9 /ml, respectively. The 3-h window was sufficient to allow the administration of anesthesia and retro-orbital injection of 15 mice. After optimization experiments, we found that the dye could be reduced to 0.5% without loss of the ability to trace the systemic spread of the injected vehicle.
Homogenates from surface-sterilized ticks were plated on MH agar supplemented with 0.1 mg/ml of cycloheximide, 80 U/ml of polymyxin B, and 2.5 g/ml of amphotericin B to allow the growth of F. tularensis and suppress the endogenous flora of the tick (modified from reference 20). For strains containing pFNLTP6 plasmid derivatives, kanamycin at a concentration of 10 g/ml was also added to the medium. Dilutions of bacteria or homogenates were allowed to grow on appropriate medium for 3 days at 37°C. Bacterial colonies at appropriate dilutions were counted and recorded in Excel. Contaminants or endosymbiotic bacteria in uninfected mouse blood or uninfected ticks were undetectable on selective medium.
Mice and ticks. All work with animals and ticks was approved by the Institutional Animal Care and Use Committee. BALB/c mice were purchased from Harlan (Madison, WI). The mice were housed in groups of 5 until tick placement, after which they were housed individually. The mice had access to food and water ad libitum. Dermacentor variabilis ticks were purchased from the Tick Rearing Facility, National Tick Research and Education Resource, Oklahoma State University, Stillwater, OK. The ticks were housed at ambient temperature over saturated potassium nitrate (KNO 3 ), which generates a humidified atmosphere of 93.5% at 20°C (21) .
Prior to tick placement, mice were anesthetized with 100 mg/kg of ketamine plus 10 mg/kg of xylazine, and then an area of approximately 1 cm in diameter between the shoulder blades was shaved with an electric clipper. A small chamber consisting of the top half of a microcentrifuge tube was affixed to the shaved area with a 3:1 mixture of gum rosin (MP Biomedicals) plus beeswax (Hampton Research), melted together on a heated stir plate. Seven or eight nymphal ticks were placed in the chamber, which was then closed with Parafilm and punctured by a small needle. The mice were placed individually into cages. At approximately 77 h of tick feeding time, the mice were anesthetized with isoflurane (inhalation to effect) and injected through the retro-orbital plexus with 50 l of a bacterial suspension to achieve the desired doses (detailed in the figure legends). The mice were returned to their home cages and monitored during recovery from anesthesia. Ticks were collected upon repletion and dropping off (approximately 20 to 27 h postinfection) and either processed the next day or housed as described above through the molt to adult stages. The survival rate through the molt to adult stages was 90 to 100%. Ticks that did not survive were not included in the analyses. Mice were euthanized at the completion of tick collection, within 28 h after injection of the bacteria. Mouse blood was drawn by cardiac puncture into heparinized syringes and diluted in 10-fold increments over 7 serial dilutions. Viable ticks were surface sterilized using hydrogen peroxide (H 2 O 2 ) followed by 70% ethanol (22) and individually homogenized in PBS. The homogenates were diluted and plated as described above. After growth at 37°C for 2 to 3 days, colonies at dilutions appropriate for accurate quantification were counted and bacterial numbers per ml of blood or per tick were calculated.
In pilot immersion experiments, we attempted to introduce F. tularensis LVS into larval ticks by immersion feeding, essentially as described previously (22) . Aliquots of ticks were removed from the humidified chambers for 4 h prior to the start of the procedure in order to increase their need to and capacity for taking up fluid. The bacteria were suspended 6 to 5 ϫ 10 9 /ml in MH broth, and the suspensions were added to plastic tubes containing D. variabilis larvae. The ticks and bacteria were incubated for 1 to 1.5 h at ambient temperature or 37°C, after which the medium and bacteria were removed by siphoning. The ticks were washed twice with PBS and allowed to dry overnight in tubes exposed to ambient air. Ticks were placed on mice to feed to repletion and then allowed to molt to the nymphal stage. Nymphs were processed for viable LVS as described above. LVS was not recovered in these experiments.
Statistical analyses. Quantitative data in which bacteria were enumerated were analyzed for statistical significance using GraphPad Prism version 5. All data are presented after log (x ϩ 1) transformation and are plotted as means (depicted as horizontal bars) Ϯ the standard deviations. For each experiment, all groups were compared to all other groups by nonparametric one-way analysis of variance (ANOVA) followed by Dunn's multiple-comparison test. In all graphs, bars with asterisks indicate statistical significance as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.001. Comparisons that were not significantly different are not highlighted.
Tick dissection. Surface-sterilized adult ticks were dissected according to procedures outlined by Edwards et al. (23) and Patton et al. (24) . Briefly, a hot soldering iron was used to melt a small pool of wax in the center of a dish of paraffin. Adult ticks were placed in the wax, which was allowed to harden to secure the legs. A microscalpel was used to remove the head and the top half of the shell (the scutum and alloscutum). Approximately 1 l of PBS was added to the body cavity to keep organs moist and easier to manipulate. Using sterile fine-tip forceps, the intestines were removed by gently pulling the organ away from the connective tissue. The intestines were placed in a pool of 10 l of sterile distilled water in a sterile petri dish. In some experiments they were plated for CFU determination and in others subjected to fluorescence microscopy. Once the intestines were removed, the salivary glands were dissected away from connective tissue. The salivary glands were also examined by microscopy or plated for CFU assessment. To collect hemolymph, surface-sterilized adult ticks were immobilized with double-sided tape and a front leg was amputated. Hemolymph was collected with a pipette tip and deposited on polylysine-coated glass slides (Thermo Scientific).
Immunofluorescence microscopy. The dissected midgut and salivary gland were dried on a glass slide for 30 min and stained with Alexa Fluor 647-conjugated wheat germ agglutinin (5 g/ml; Invitrogen) for 20 min at room temperature, followed by rinsing with PBS. Stained samples were fixed with 4% paraformaldehyde at room temperature for 15 min, washed with PBS, and permeabilized with methanol at Ϫ20°C for 10 min. The hemolymph was harvested from a dissected leg and placed on a polylysine-coated slide for fixation and permeabilization. After rinsing, samples were blocked in 10% fetal bovine serum in PBS for 1 h to reduce nonspecific binding of antibodies. An anti-F. tularensis lipopolysaccharide (LPS) mouse monoclonal antibody (Advanced ImmunoChemical) was diluted in the blocking buffer at 1:60,000 for 1 h of incubation with the permeabilized samples and rinsed with the blocking buffer 3 times. Samples were labeled with an Alexa Fluor 488-conjugated secondary antibody (1:2,000; Molecular Probes) for 1 h, washed thoroughly with the blocking buffer twice and then with PBS twice, and mounted with a coverslip using ProLong Gold containing 4=,6-diamidino-2-phenylindole (DAPI; Molecular Probes) mounting medium.
Images were acquired by a Nikon Eclipse Ti-U inverted microscope equipped with a CoolSNAP ES 2 charge-coupled-device (CCD) camera (Photometrics) and a multifluorescent Sedat Quad ET filter set (multichroic splitter; Chroma). NIS-Elements software (Nikon) was used for image acquisition and analysis. The objective lenses used were 100ϫ Plan Apo VC (numerical aperture [NA], 1.40 oil) and 60ϫ Plan Apo VC (NA, 1.40 oil) from Nikon.
RESULTS
Model development and optimization.
Tick infection models were initially explored by infesting mice, infected with F. tularensis LVS via an intraperitoneal (i.p.) injection, with D. variabilis larvae (Ͼ100 larvae/mouse). Larvae were allowed to feed to repletion, collected, and processed for bacterial burden as individuals. Initially we established the time it takes larvae to feed to repletion (72 to 96 h) and established an infection protocol to achieve bacteremia approximately 24 h before repletion. Tick repletion times were reproducible; however, the bacterial load per tick was variable, and bacterial replication did not appear to occur through the molt to the nymphal stage. For example, in a typical infection experiment with D. variabilis, the average number of LVS CFU per replete larval tick was approximately 4,836 (range, 70 to 20,000 CFU at 4 days postrepletion) for larvae that had fed on infected mice, while no CFU were detectable in 10 larvae that had fed on uninfected mice. A small proportion of the tick population (3 of 10 ticks sampled) retained bacteria through the molt (an average of 616 CFU per nymph). We concluded that the inherent variation in this model might have been due to inconsistencies in the number of larvae applied/mouse and coordinating the timing of the peak bacteremia with maximal blood uptake by the larvae. In other experiments, we attempted to immersion feed larval ticks by incubating them in liquid bacterial cultures and allowing the larval ticks to feed on mice (22) . Cohorts were held until the molt into nymphs, and nymphs were assessed for viable LVS. This method would have been useful for infecting ticks with bacterial mutants that are unable to replicate in mice. Unfortunately, although several factors were varied (different bacterial concentrations [5 ϫ 10 6 to 5 ϫ 10 9 /ml], removal from humidified atmosphere before immersion, and immersion for different times [1.0 and 1.5 h]), we were unable to introduce LVS into ticks using this method.
To circumvent the variability issues identified in our early experiments, we applied a constant and smaller number of nymphal ticks to mice. Nymphal ticks (7 or 8/mouse) were applied to a temporary chamber on the back of a mouse to allow attachment to occur. Initial experiments established the time to nymphal repletion and dropping off. To ensure that bacteremia coincided with maximal blood uptake, we infected mice via a retro-orbital route. Mice with ticks attached were anesthetized and injected retroorbitally approximately 24 h before repletion with a mixture of Evan's blue dye and a bacterial inoculum that was adjusted to a specific optical density. To accurately calculate the dose, each bacterial inoculum was checked by quantifying CFU in the suspensions after the injections had been performed. Control experiments demonstrated that Evan's blue dye has no effect on LVS viability. The systemic spread of the vehicle can be visually monitored through the spread of the dye to the skin and uninjected eye of the infected mouse. Up to 10 9 bacteria can be injected by this route. The mice became ill and moribund within 36 to 48 h postinoculation.
The maximal dropping off of replete nymphal ticks occurred within 20 to 27 h of the injection. Ticks were collected as they dropped off. To standardize the collection step, ticks that did not drop off during this period were not analyzed. The mice were euthanized after the replete ticks were collected, and blood was collected and analyzed for bacterial burden. Replete nymphal ticks were divided into two cohorts. In one cohort, individual nymphal ticks were processed the next day to determine the LVS inoculum taken up by the ticks. The second cohort was allowed to molt to the adult stage. Individual adults were then processed to determine the bacterial burden. The results of dose titration experiments are shown in Fig. 1 (Fig. 1A) . Considering the surprisingly high numbers of LVS in the replete nymphs (mean count [CFU]/tick of 7.3 ϫ 10 6 Ϯ 7.7 ϫ 10 6 , 4.9 ϫ 10 6 Ϯ 9.7 ϫ 10 6 , 6.6 ϫ 10 3 Ϯ 7.6 ϫ 10 3 , and 2.2 ϫ 10 2 Ϯ 2.2 ϫ 10 2 , respectively, for each target dose [ Fig. 1B]) , the number of CFU in the inoculum, and the small blood volume acquired by feeding ticks, any loss by filtration through the animal tissues or by interaction with the innate immune system may be offset by replication in the mouse and/or in the tick. The bacterial numbers in the mouse blood and in nymphs are likely due to complex biological interactions between the bacterial population and both hosts. Ticks concentrate their blood meal by expressing excess water through saliva and excrement, perhaps allowing higher volumes of blood to be taken up than would be apparent by visual inspection or weight gain. Alternatively, there could be replication of bacteria in the nymphal ticks during the time it takes to feed to repletion or process the ticks for CFU determination.
After maturation to the adult stage, the mean numbers of CFU for the initial target dose were 1.9 ϫ 10 7 Ϯ 2.7 ϫ 10 7 , 9.0 ϫ 10 6 Ϯ 2.2 ϫ10 7 , 3.4 ϫ 10 5 Ϯ 1.1 ϫ 10 5 , and 3.2 Ϯ 4.6 (no exponents), respectively. The numbers of CFU/tick were not statistically different for nymphs and adults at the two highest target inoculation doses (10 7 and 10 8 ), which may indicate that these doses are saturating. From these results, we cannot determine whether the inoculum is maintained or whether a decrease followed by replication might occur. The rebound of bacteria from nymphs to adults is statistically significant (P ϭ 0.016) for the 10 6 dose, consistent with either maintenance plus limited replication in ticks or with the outgrowth of a subpopulation of the original inoculum. At the lowest inoculation dose tested (10 5 CFU/mouse target dose, with an actual mean delivery of 2.2 ϫ 10 2 CFU/tick), there was a significant decrease in CFU through the molt from nymph to adult tick (P Ͻ 0.0001 [ Fig. 1D]) . The decrease in LVS bacterial counts at the lowest dose suggests the possibility that F. tularensis maintenance in D. variabilis may be tied to a threshold bacterial concentration determined from this experiment to be between the mean count (CFU) delivered to nymphal ticks resulting in maintenance and replication (6.6 ϫ 10 3 ) and the mean count (CFU) that did not (2.2 ϫ 10 2 ). LVS replication in replete nymphal ticks. To quantitatively determine whether F. tularensis replicates in ticks, bacterial CFU were assessed at weekly intervals. Mice infested with nymphal D. variabilis were inoculated with a target dose of 10 8 CFU. The mean count (CFU)/ml of blood (n ϭ 15 animals) was 4.4 ϫ 10 7 Ϯ 1.9 ϫ 10 7 . The ticks were collected when they dropped off and were processed within 24 h or at intervals through the molt and for several weeks after the molt to adult ticks. As shown in Fig. 2 ). These data demonstrate that LVS replication occurs in the adult tick even in the absence of a new blood meal. We noted that as the ticks aged, the range of bacterial burdens per tick tended to spread over a wider range. Multiple factors could have impacted the numbers of bacteria, including age-related immune senescence in the ticks, tick gender, the reserves accumulated by individual ticks based on the blood volume acquired in the nymphal blood meal, and the fitness of the individual infected mice. These data provide evidence that after an initial drop-off in the numbers of bacteria during the molt, LVS replicates in the ticks during development from nymph to the adult stage and in adult ticks. These observations correlate with data demonstrating replication of F. tularensis subsp. novicida in Dermacentor andersonii (15) and type A and B strains of F. tularensis in Dermacentor variabilis (9, 10) .
Delivery and replication of an attenuated LVS mutant and complemented strain in ticks. The relative tractability of F. tularensis in comparison to other tick-borne bacterial pathogens provides an opportunity to use genetic approaches to identify bacterial genes that are active or that are required for survival in the tick. To determine whether an attenuated strain could be delivered to ticks, mice infested with nymphal D. variabilis were injected with LVS, a ⌬purMCD mutant strain, and a complemented derivative in which the purMCD locus is expressed under the control of its endogenous promoter (Table 1 ). The ⌬purMCD mutant is a purine auxotroph and is avirulent both in mice and in cell culture models (19) . The ⌬purMCD mutant thus provides a probe for the nutritional environment that the bacteria encounter in the tick, as replication is limited unless exogenous purines are provided (19) . The complemented strain provides a proof-of-concept test of whether the mutant can be rescued and whether the complementing plasmid is stable in the absence of antibiotic selection. To ensure detection of viable ⌬purMCD organisms from each test environment, cultures were plated on medium containing hypoxanthine, which chemically complements the auxotrophic phenotype (19) .
Data presented in Fig. 3A show that the LVS ⌬purMCD mutant was present in mouse blood at the time of euthanasia (5.8 ϫ 10 4 Ϯ 2.3 ϫ 10 4 CFU/ml blood at euthanasia; n ϭ 5 animals) and in the nymphs (2.6 ϫ 10 3 Ϯ 3.9 ϫ 10 3 CFU/tick; n ϭ 14 nymphs [ Fig.  3B] ). The numbers of the ⌬purMCD organisms were significantly reduced in mouse blood (P Ͻ 0.01for the ⌬purMCD mutant versus the complemented derivative) and in nymphs (P Ͻ 0.001 for the LVS parental strain versus the ⌬purMCD mutant and P Ͻ 0.05 for the ⌬purMCD mutant versus the complemented derivative); nevertheless, the ⌬purMCD mutant, which is avirulent in mice, did survive in the mouse long enough to be taken up by the feeding nymphal ticks. The ⌬purMCD mutant, however, did not survive in the tick during the molt to the adult stage (Fig. 3C) . In contrast to the results for the ⌬purMCD strain, the complemented derivative (purMCD on a plasmid) was detected in mouse blood (mean CFU ϭ 2.7 ϫ 10 8 Ϯ 4 ϫ 10 7 CFU/ml blood at euthanasia; n ϭ 5 animals) and in both the nymphal and adult stages of the tick (mean CFU/tick ϭ 3 ϫ 10 6 Ϯ 2.4 ϫ 10 6 for nymphs [n ϭ 18] and
FIG 2 LVS replication in nymphal ticks through development to adults
and postemergence. Nymphal ticks were placed on mice and the mice were infected with a target dose of 10 8 CFU of LVS via a retro-orbital injection. Replete ticks were collected and separated into cohorts for weekly assessment of bacterial burden. Each weekly assessment is represented by a different symbol in the graph. The y axis is number of CFU measured on a logarithmic base 10 scale; bars represent means Ϯ SDs. All groups were compared to all other groups by one-way ANOVA, and significant differences are highlighted by horizontal bars with asterisks. Comparisons that did not achieve statistical significance are not highlighted. Data are representative of those from 3 independent experiments. Nymphal ticks molted to adults at week 4, as shown on the x axis.
FIG 3 Delivery and replication of LVS and an attenuated purine mutant in ticks. Approximately 10
8 CFU of LVS, the LVS ⌬purMCD (⌬purMCD) mutant, or an LVS ⌬purMCD strain complemented with pFNLTP6 containing the purMCD operon transcribed by the endogenous promoter (compl.) were inoculated into mice bearing nymphal ticks. Bacterial burden in blood was measured at euthanasia of the mice (A), 24 h after dropping off of replete nymphal ticks (B), and after another cohort of ticks was allowed to molt to adults (C). The y axes in panels B and C are identical to that shown in panel A and show the number of CFU measured on a logarithmic base 10 scale. Bars represent means Ϯ SDs. Within each panel, all groups were compared to all other groups by one-way ANOVA. Significant differences are highlighted by horizontal bars with asterisks; comparisons that did not achieve statistical significance are not highlighted. Data (means Ϯ standard errors of the mean) are representative of results from 3 independent experiments. 1.9 ϫ 10 9 Ϯ 3.8 ϫ 10 9 for adults [n ϭ 17]) at CFU levels that are significantly different from those of the ⌬purMCD strain in all stages of the experiment. Plasmid stability assays determined that the pFNLTP6 kanamycin resistance marker was present in 100% of the tested colonies from adult ticks. These data indicate that the ability to synthesize purines in ticks is an essential function for F. tularensis. This result demonstrates that there is at least some overlap in genes required for replication within a tick, in a mammalian host, and in cell culture (19) .
Outcome of mixed infections with LVS ⌬purMCD and LVS ⌬purMCD pFNLTP6 purMCD strains. The ability to introduce LVS into nymphal ticks and follow bacteria through to the adult stage opens opportunities for genetic screens for LVS genes that are essential in the tick environment. However, such approaches require that mutants not be complemented in trans, i.e., through release of the complementing plasmid or nutrients due to lysis of dead or dying bacterial cells. To ensure that complementation for the purMCD deficiency would not artificially rescue the deletion strain, we performed a coinfection of the ⌬purMCD and complemented strains. Mice were infected with 10 9 CFU of the LVS ⌬purMCD mutant mixed with 10 6 CFU of the LVS ⌬purMCD mutant complemented with purMCD. Control groups included each strain inoculated into individual mice at the same target concentration. Output cultures were plated onto hypoxanthine-containing medium without and with kanamycin where appropriate. Our results (Fig. 4) demonstrate that each strain was represented in the mouse blood. The mean numbers of CFU/ml of blood at euthanasia (n ϭ 5 animals/group) were as follows: for the ⌬purMCD mutant, 9.1 ϫ 10 6 Ϯ 7.3 ϫ 10 6 ; for the complemented derivative, 2.4 ϫ 10 5 Ϯ 1.5 ϫ 10 5 ; for the total mixture, 1.5 ϫ 10 7 Ϯ 5.6 ϫ 10 6 ; and for the mixture component that was kanamycin resistant, representing the complemented strain only, 1.6 ϫ 10 6 Ϯ 3.5 ϫ 10 5 . Each strain was also present in the nymphs; the mean numbers of CFU/tick were as follows: for the ⌬purMCD mutant, 1.9 ϫ 10 6 Ϯ 2.6 ϫ 10 6 (n ϭ 18); for the complemented derivative, 3.3 ϫ 10 3 Ϯ 3.5 ϫ 10 3 (n ϭ 19); for the total mixture, 4.0 ϫ 10 5 Ϯ 2.5 ϫ 10 5 (n ϭ 19); and for the mixture component that was kanamycin resistant, 2.7 ϫ 10 4 Ϯ 1.4 ϫ 10 4 (n ϭ 19). In the adult ticks, the ⌬purMCD mutant was present at 1.3 Ϯ 1 CFU/ tick (n ϭ 18), while the complemented strain was well represented, at a mean count (CFU)/tick of 3.8 ϫ 10 5 Ϯ 1.1 ϫ 10 6 . The total mixture had a mean value of 8.2 ϫ 10 4 Ϯ 1.1 ϫ 10 5 CFU/tick, with kanamycin resistant (i.e., complemented) colonies at 1.4 ϫ 10 5 Ϯ 1.8 ϫ 10 5 CFU/tick. The values (CFU/tick) for the ⌬purMCD mutant were significantly lower than for all other groups in the adult stage of the ticks (P values of 0.05 to Ͻ0.01), despite having been significantly higher than the complemented strain in the mouse blood (P Ͻ 0.05). Additional significant differences for all stages of the experiment are indicated in Fig. 4 . Out of 400 colonies picked from the adult tick cultures, 391 were kanamycin resistant, indicating that 97.75% of the colonies from the mixture were the complemented strain and retained the vector plasmid marker. These results suggest that the complemented clone competed effectively against the mutant strain and that complemented strains do not efficiently rescue noncomplemented strains in a mixture. Finally, our results indicate that the ⌬purMCD mutant is unable to replicate in the tick, even at a dose approximately 3 orders of magnitude higher than the minimum dose for replication of the parental strain.
Detection of F. tularensis in adult tick tissues. The colonization and replication of F. tularensis in tick tissues may impact the mechanisms and efficiency of transmission to mammalian hosts. For example, transmission of F. tularensis from ticks may occur via skin inoculation of tick fecal or oral contents, or the bacterium may be directly released into the skin from salivary glands during attachment and feeding. It has been previously shown that consumption of infected ticks by mice can result in infection (9) . Each of these mechanisms may differ in their efficiency depending on
FIG 4
Competition assay with the LVS ⌬purMCD strain and its complemented derivative, LVS ⌬purMCD pFNLTP6 purMCD. The unmarked ⌬purMCD deletion derivative was inoculated into mice via the retro-orbital route at 10 9 CFU. The complemented strain (labeled as compl.) represents the unmarked mutant complemented with a plasmid encoding purMCD under the control of the endogenous promoter of the pur operon. Approximately 10 6 CFU of LVS ⌬purMCD pFNLTP6 purMCD were inoculated into mice. In the columns labeled MIX, LVS ⌬purMCD and LVS ⌬purMCD pFNLTP6 purMCD were mixed at a ratio of 1,000:1 such that each mouse received a target dose of 10 9 and 10 6 CFU, respectively, of each strain comprising the mixed inoculum. Blood samples from mice at euthanasia (A) or nymphal ticks 24 h after dropping off (B) or adult ticks after the molt (C) were assessed for CFU in the absence or presence of kanamycin (km 10 columns). The y axes in panels B and C are identical to that of panel A. Within each panel, all groups were compared to all other groups by one-way ANOVA and significant differences are highlighted by horizontal bars with asterisks. Comparisons that did not achieve statistical significance are not highlighted. Data are representative of results from 2 independent experiments. how robust F. tularensis is in each environment and how innate immunity functions locally to prevent bacterial colonization. Previously it has been shown that transmission for type A and B strains from adult D. variabilis females to mice occurs shortly after attachment (10) , possibly supporting a mechanism of transmission from tick salivary glands directly into the skin. Using a capillary feeding model of D. variabilis infection, F. tularensis was found to initially colonize the tick midgut and then disseminate to the hemolymph and salivary glands (16) . To determine the localization of bacteria in tick tissues and to quantify the relative number of bacteria in each tissue, we infected nymphal D. variabilis ticks with LVS or LVS strains containing pFNLTP6 gro-GFP or gro-TURBO red and performed fluorescence microscopy on harvested midgut or salivary gland tissues.
Fluorescence microscopy using green fluorescent protein (GFP)-labeled bacteria proved problematic (data not shown). The GFP signal was weak or undetectable in isolated tick tissues but easily seen in bacteria grown in vitro. Bacteria were detectable in hemolymph but only when anti-GFP antibody was used. TURBO red was detectable directly and with anti-TURBO red antibody in bacteria in the hemolymph. Direct detection by fluorescence microscopy was impacted by background levels of fluorescence associated with tick tissues, the small size of the bacterium, and the seemingly low signal associated with GFP or TURBO red in vivo.
In contrast, LVS was detectable by immunofluorescence in infected adult tick midguts and hemolymph using an anti-LPS monoclonal antibody (Fig. 5A , wheat germ agglutinin [red] and DAPI [blue] stains). There was little nonspecific binding of the antibody in uninfected tick tissues (Fig. 5A to C, uninf) . Analyses of the salivary glands from infected ticks demonstrated only a few LVS signals located around the salivary gland (Fig. 5B) . The midguts, in contrast, contained numerous LVS signals. Hemolymph harvested from infected ticks contained numerous LVS signals. Most were colocalized with DAPI signals, indicating the presence of intact bacteria, but the few LPS signals without DAPI signals could indicate shedding of outer membrane blebs (Fig. 5C) . The large number of bacteria in the adult hemolymph suggested that additional factors at the initiation of tick feeding might facilitate entry of the bacteria into the salivary glands if transmission occurs through the salivary route. Further localization studies and tissue sectioning were not performed due to risk of hemolymph contamination during dissection procedures, but future refinements of the protocol could include washing away hemolymph in the presence of gentamicin prior to dissection of individual organs.
DISCUSSION
Microscopic (25) , epidemiological (5, 26) , and relatively recent experimental (9, 10, 16) evidence implicates several tick species as major natural reservoirs for F. tularensis. A goal of these studies was to establish a quantitative tick infection model to determine if replication occurs and to follow its kinetics. Our optimized model uses Dermacentor variabilis nymphal ticks and mice that are given a systemic bolus of LVS that is timed to be within 24 to 30 h of tick repletion. Dose titration experiments demonstrated that bacteria could be reproducibly introduced in various numbers into nymphal ticks and that bacteria could be detected over the approximate 4-week period to the molt. Monitoring the numbers of bacteria over time demonstrated an initial drop-off of bacterial CFU/tick during this first 2 weeks but was followed by an overall pattern of an increase in bacterial numbers through and after the molt to adult ticks. The initial reduction in bacterial numbers is intriguing, as it may indicate that a subpopulation of LVS grown in vitro and passaged through the mouse are competent for replication and that a selection process may occur in nymphal ticks. The selection process could be the result of the tick's innate immune system and/or bacterial gene expression leading to the development of resistance to the innate immune response. Alternatively, the adaptation to a different nutritional environment and temperature likely involves physiological changes requiring time to express different sets of genes and products. Interestingly, the later increase in bacterial numbers did not require an additional blood meal, although evidence exists that bacterial numbers do increase in nymphal ticks in response to a blood meal (9) .
The relatively high numbers of bacteria that can be reproducibly delivered to nymphal ticks and the ability to manipulate F. tularensis suggested that genetic approaches could be applied to this model to screen for bacterial genes important for arthropod infection. To provide proof-of-principle data, we delivered a strain of LVS that is defective for purine biosynthesis (⌬purMCD) to nymphal ticks (19) . The LVS ⌬purMCD strain is cleared from mice when given intraperitoneally at doses equal to those for a parental strain or a deletion strain complemented in trans (approximately 50 CFU [19] ). The doses given to mice for each strain used in our study were more than 7 orders of magnitude higher and were matched for comparison purposes (19) . While we demonstrate that the ticks received a dose of the LVS ⌬purMCD mutant (Fig. 3) , the level of CFU present at nymphal repletion may have been close to or below an apparent threshold dose required for tick infection (Fig. 1) . Complementation of the mutation in the single-strain infection experiment restored replication in the tick infection model, as it has in both animal and in vitro infections (19) (Fig. 3) . Competition studies were performed, and in this design, a dose of the LVS ⌬purMCD mutant was achieved in nymphal ticks that was approximately 3 orders of magnitude over the threshold dose (Fig. 4B) . In these experiments the ⌬purMCD derivative was unable to replicate or to compete with the complemented strain. These results suggest that numerous genetic approaches, including transposon mutagenesis, could be used to identify essential genes for bacterial replication in the tick environment. This system, like any other, would require careful forethought regarding experimental design, given the requirement for a sufficient bacterial load in the nymphs for infection to be carried through to the adults. The complex interactions between bacterial mutants and the mouse and tick innate immune systems emphasize the importance of incorporating secondary screens to fully understand the potential contribution of gene products. Combined with the eventual complete genome sequence of D. variabilis, the interaction between host and bacterial genes could be approached using a bacterial pathogen for which a variety of proven genetic tools have been developed.
The localization of F. tularensis in adult tick tissues was a difficult question to approach using fluorescence microscopy. Expression of fluorescent proteins was poor in adult ticks. We do not believe that this was due to loss of the vector plasmid, pFNLTP6, used for constructing the clones. This plasmid is stably maintained in vitro in the absence of antibiotic pressure over many generations (18) . Complementation clones were maintained in these studies during the molt, although this is not a true test of plasmid stability, as there seems to be strong selective pressure for purine biosynthesis in the ticks as there is in mammalian and tissue culture infections (19) . When bacteria were in high numbers we were able to reproducibly detect them with a commercially available monoclonal antibody that recognizes F. tularensis LPS. F. tularensis was detectable within the midgut and hemolymph but outside salivary gland cells as described in prior studies (25; reviewed in references 26 and 16). Importantly, we consistently observed high numbers of LVS in the hemolymph by microscopy. The volumes of liquid we collected, however, were too small to accurately measure, precluding a true quantitation of viable bacteria. In the future, we plan to pool collected hemolymph to more accurately measure bacterial burden in this compartment. Because the hemolymph contains apparently high numbers of LVS, dissection of specific organs and further sectioning or bacterial localization were not pursued, as the risk of cross-contamination during dissection is high.
We tried to apply the model system to a second vector tick, Amblyomma americanum, also known as the lone star tick. Hopla (4) demonstrated that larval ticks could be infected with F. tularensis and that the bacteria were able to increase in numbers, particularly in response to a blood meal. Bacteria could be maintained in adult ticks, and infection was transmitted to naive animals (4). Moreover, F. tularensis infection did not seem to incur fitness costs in the tick (26) . Our early studies demonstrated variable and low-efficiency infection of larval A. americanum ticks. For example, in one experiment we detected an average of 15,400 CFU/tick upon repletion (range, 6,200 to 20,000 CFU/tick), and at the molt, approximately 40% of the ticks remained infected, with an average of 561 CFU/tick (range, 0 to 2,000 CFU/tick). When the model system described in this paper was used with A. americanum, the length of time to repletion of the nymphal ticks on mice was prolonged (day 3 to day 6 after attachment to uninfected mice) and considerably more variable than that of D. variabilis nymphs. D. variabilis repletion consistently occurred within a narrow time window, which allowed us to time bacterial infection to achieve high bacterial blood burdens while the ticks were actively feeding but before the animals were moribund. These results suggested that D. variabilis is a more suitable host to receive known bacterial doses that can be manipulated for experimental purposes.
In summary, we report a reproducible method to introduce known numbers of F. tularensis LVS into nymphal Dermacentor variabilis ticks. The bacteria replicate during development to the adult stage and beyond in the absence of a blood meal. LVS was detectable in a variety of tissue sites and was seen in high numbers from hemolymph collected from adult ticks. Expression of fluorescent protein markers appeared not to be a sensitive enough probe for microscopic detection during the infection. The model system can be used with genetic approaches to test Francisella tularensis mutants for their ability to replicate or be maintained in D. variabilis hosts.
